Palladium complexes supported by (o-biphenyl)P(t-Bu) 2 (3) or (o-biphenyl)PCy 2 (4) are efficient catalysts for the catalytic amination of a wide variety of aryl halides and triflates. Use of ligand 3 allows for the room-temperature catalytic amination of many aryl chloride, bromide, and triflate substrates, while ligand 4 is effective for the amination of functionalized substrates or reactions of acyclic secondary amines. The catalysts perform well for a large number of different substrate combinations at 80-110°C, including chloropyridines and functionalized aryl halides and triflates using 0.5-1.0 mol % Pd; some reactions proceed efficiently at low catalyst levels (0.05 mol % Pd). These ligands are effective for almost all substrate combinations that have been previously reported with various other ligands, and they represent the most generally effective catalyst system reported to date. Ligands 3 and 4 are air-stable, crystalline solids that are commercially available. Their effectiveness is believed to be due to a combination of steric and electronic properties that promote oxidative addition, Pd-N bond formation, and reductive elimination.
Palladium complexes supported by (o-biphenyl)P(t-Bu) 2 (3) or (o-biphenyl)PCy 2 (4) are efficient catalysts for the catalytic amination of a wide variety of aryl halides and triflates. Use of ligand 3 allows for the room-temperature catalytic amination of many aryl chloride, bromide, and triflate substrates, while ligand 4 is effective for the amination of functionalized substrates or reactions of acyclic secondary amines. The catalysts perform well for a large number of different substrate combinations at 80-110°C, including chloropyridines and functionalized aryl halides and triflates using 0.5-1.0 mol % Pd; some reactions proceed efficiently at low catalyst levels (0.05 mol % Pd). These ligands are effective for almost all substrate combinations that have been previously reported with various other ligands, and they represent the most generally effective catalyst system reported to date. Ligands 3 and 4 are air-stable, crystalline solids that are commercially available. Their effectiveness is believed to be due to a combination of steric and electronic properties that promote oxidative addition, Pd-N bond formation, and reductive elimination.
Owing to the many important applications of aniline derivatives, and the limitations of most methods for their synthesis, a considerable amount of effort has been recently devoted to the development of catalysts that are capable of effecting the cross-coupling of amines with aryl halides and sulfonates. 1 However, the proper choice of catalyst (Pd source, ligand choice) is crucial for the success of these reactions. It would be desirable to have one ligand (or a small class of ligands) that is capable of handling all possible substrate combinations. Our group, and others, have recently reported catalysts based on bulky, electron-rich phosphines that are capable of transforming inexpensive and readily available aryl chlorides (as well as aryl bromides) into aniline derivatives, thereby expanding the substrate scope of the palladium-catalyzed amination methodology. 2 Herein we disclose results of a detailed study of the use of these ligands in aryl amination processes.
Our first catalysts for the amination of aryl chlorides used ligands 1 and 2 ( Figure 1 ). 2e However, the preparation of these phosphines required a multistep synthesis. We recently reported that the simple phosphines 3 and reactions involving secondary acyclic amines or aryl chlorides bearing base-sensitive functionality are typically more efficient using 4. Aryl bromides and triflates are also effectively coupled with amines using catalysts based on 3 or 4; the Pd/4 catalyst is the most efficient system reported to date for the coupling of electron-rich aryl bromides with primary anilines.
Results

Room-Temperature Catalytic Amination of Aryl
Chlorides. Initial attempts to effect the room-temperature catalytic amination of aryl chlorides using 2 were in general unsuccessful despite the utility of this ligand for room-temperature Suzuki coupling reactions of aryl chlorides. 2e The one exception was when 4-chlorobenzonitrile, an activated aryl chloride, was combined with morpholine. However, use of ligand 3 provided catalysts with higher activity than was previously observed with 2. Catalysts comprised of 3/Pd(OAc) 2 were sufficiently reactive to promote the room-temperature catalytic amination of a variety of aryl chloride substrates. 3a As shown in Table 1 , the reaction is effective for both electron-rich and electron-deficient substrates, and a variety of amines are suitable coupling partners. For example, both p-and o-chloroanisole could be converted to aniline derivatives in g90% yield using 1-2 mol % catalyst (entries 7, 11).
The reaction of benzylamine with 4-chlorotoluene was slow with 1-2 mol % catalyst; the desired product was obtained in good yield when 5 mol % of the palladium catalyst was employed (Table 1, entry 4). Excess benzylamine (1.5 equiv) was employed to minimize the formation of diaryl(alkyl) amine side products. Under these conditions a ratio of 8-9/1 diaryl/monoaryl product was observed. A larger amount of diarylated side product was formed at room-temperature than at 80°C (see below). This procedure was also effective for the arylation of s-butylamine with m-chloroanisole (entry 12). In this case no diarylation was observed when 1.2 equiv of amine was employed. Use of Pd(OAc) 2 as the palladium source was required for most of the room-temperature reactions, although the reaction of n-hexylamine with the highly activated 4-chlorobenzonitrile gave the best results when Pd 2 (dba) 3 was employed. In contrast to what has been previously observed, 5,6c the reaction of a primary amine or primary aniline with an electron-deficient aryl halide afforded small amounts of diarylated side products; a ratio of ∼14-15/1 diarylamine/triarylamine was observed in the reaction of 4-chlorobenzonitrile with n-hexylamine or p-toluidine. The weak base K 3 PO 4 was ineffective for the room-temperature reactions, even for highly activated substrates such as 4-chloronitrobenzene.
Unfortunately, the scope of the room-temperature reactions was somewhat limited. For example, the reaction of m-chloroanisole with n-hexylamine proceeded to only 19% conversion in 18 h. The requirement for Pd-(OAc) 2 as a precatalyst precluded the use of primary anilines as coupling partners (see below), except for the reaction of p-toluidine with 4-chlorobenzonitrile, which was effective when 2.5 mol % of Pd 2 (dba) 3 was employed as the palladium source. The functional group tolerance of the process is currently limited owing to the need to employ the strong base NaOt-Bu. However, nitrile functionality was tolerated even for arylations of primary anilines, which react with halobenzonitriles at higher temperatures (80°C) in the presence of NaOt-Bu to form large amounts of amidine side products.
Catalytic Amination of Unactivated Aryl Chlorides at 80-110°C. As shown in Table 2 , the scope of the catalytic amination of aryl chlorides is considerably broader at 80-110°C than at room temperature. A catalyst system derived from Pd(OAc) 2 or Pd 2 (dba) 3 functions well for a variety of substrates including those that are electron-rich and/or ortho-substituted. Even the very hindered 2,6-dimethylchlorobenzene was a suitable substrate, although higher reaction temperatures and/ or larger amounts of catalyst were required for reactions to proceed to completion in e24 h.
A variety of amine coupling partners may be used including primary and secondary anilines, primary amines, cyclic secondary amines, and diarylamines. Benzophenone imine, which serves as an NH 3 equivalent, 7 benzophenone hydrazone 8 are also suitable substrates. Use of 2, 5, or 6 as ligands for the coupling of di-nbutylamine with 4-chlorotoluene gave higher yields than were obtained with 3 or 4 (entry 6); use of 3 or 4 resulted in the formation of aryl(tert-butyl)ether byproducts (∼10%).
Reactions of primary aliphatic amines with unhindered aryl halides afforded good yields of the aryl(alkyl)amine products with the 3/Pd catalyst at 80°C; 1.5 equiv of amine was employed to minimize the formation of diarylated side products in these reactions. The ratios of monoaryl/diaryl products were typically ∼10-20/1 for reactions of primary amines with p-substituted aryl chlorides, with n-hexylamine producing more diarylation (12/1 monoaryl/diaryl) than benzylamine (21/1 monoaryl/ diaryl) in reactions with 4-chlorotoluene. Diarylated products were not observed with o-substituted aryl chlorides. Reactions of primary anilines were inefficient if Pd(OAc) 2 was employed as a precatalyst, but use of Pd 2 -(dba) 3 for these reactions provided excellent results.
Some substrate combinations that gave outstanding results with the BINAP catalyst system 5 (for the analogous aryl bromides) were either inefficient or required high temperatures or long reaction times. For example, the reaction of 4-bromobenzonitrile with n-hexylamine proceeds to completion rapidly and in essentially quantitative yield using the BINAP catalyst system (0.05 mol % Pd). 5 However, the reaction of 4-chlorobenzonitrile with n-hexylamine required 40 h at 110°C to proceed to completion with 1 mol % Pd (see below in Table 5, entry  11) . For some substrates it was possible to conduct reactions with low catalyst loadings (0.05 mol % Pd), 3a although to date these conditions are only effective for a limited number of substrate combinations (Table 3) . For example, the reaction of N-methylaniline with 4-chlorotoluene proceeds to completion in 22 h using 0.025 mol % Pd 2 (dba) 3 desired product in 95% yield. However, although the reaction of 4-chlorotoluene with p-toluidine is efficient with 0.5 mol % Pd (Table 2 , entry 3), it only proceeds to 41% conversion in 48 h at 110°C using 0.05 mol % Pd.
Catalytic Amination of Chloropyridines. Previous studies in our laboratory demonstrated that bromopyridine substrates were effective coupling partners in catalytic amination reactions provided that the chelating phosphine ligands BINAP or DPPP were employed; 9 nonchelating triarylphosphines were displaced from the metal by the pyridine substrate leading to catalyst deactivation. 9,10 Aminations of 2-chloropyridines were possible, although fairly high catalyst loadings (4 mol % Pd) were required. 9 When the mixtures of Pd(OAc) 2 and 2, 3, or 4 were employed, 2-, 3-, and 4-chloropyridine proved to be viable substrates in catalytic amination reactions. While the chloropyridine derivatives reacted more slowly than other aryl halides, use of 1 mol % Pd(OAc) 2 at 100-110°C provided acceptable results (Table 4 ). Despite the diminished reactivity of these substrates relative to other aryl chlorides, a variety of amines proved to be suitable coupling partners. Reactions catalyzed by Pd/3, that provided unacceptable results were usually more efficient if Pd/4 or Pd/2 were employed. Use of the Pd/4 catalyst system necessitated the addition of excess amine (1.5-3.0 equiv) for reactions with primary amines in order to minimize the formation of doubly arylated products. As expected, aminations of the more reactive 2-chloropyridine were considerably faster than those of 3-chloropyridine. Use of the mild base K 3 PO 4 was effective for the amination of 4-chloropyridine HCl with morpholine. The use of this base gave cleaner but slower reactions.
Catalytic Amination of Functionalized Aryl Chlorides. The use of the strong base NaOt-Bu in catalytic amination reactions leads to a relatively low level of functional group tolerance. 1 However, employment of weaker bases such as Cs 2 CO 3 11 or K 3 PO 4 2e greatly improves the functional group compatibility of these reactions.
Catalytic amination of aryl chloride substrates bearing a variety of base-sensitive functional groups was achieved using catalysts derived from 2, 3, and 4 when K 3 PO 4 was employed as the stoichiometric base (Table 5 ). The reaction conditions tolerated the presence of enolizable ketones, methyl esters, nitriles, and nitro groups; a variety of amines were efficient coupling partners, but reactions of primary aliphatic amines usually required longer reaction times, higher temperatures, and/or larger catalyst loadings. Although the Pd/3 catalyst was useful for some substrate combinations, the best results were generally obtained with either 2 or 4; catalysts based on 2 were slightly more reactive than those derived from 4. Reactions that proved to be inefficient when Pd(OAc) 2 was employed as a precatalyst usually gave better results when Pd 2 (dba) 3 was used. Substrates that contained functional groups ortho to the aryl chloride were much less reactive. Acceptable yields were obtained for the reaction of 2-chloronitrobenzene or methyl-2-chlorobenzoate with primary anilines (entries 15, 16); however, reactions with aliphatic amines resulted in the formation of large amounts of side products arising from reduction and/or homocoupling of the aryl chloride, and typically proceeded to <80% conversion even with 10 mol % of the palladium catalyst. Despite the relatively low reactivity . c The reaction was conducted at 80°C. The reaction was conducted at 100°C. c The reaction was conducted using 1.5 equiv of amine. d The reaction was conducted using 3.0 equiv amine. e 2.8 equiv of K3PO4 used in place of NaOt-Bu. f 1,4-Dioxane (1 mL/mmol halide) was used as the solvent. g 1,4-Dioxane (2 mL/mmol halide) was used as the solvent. h 2.8 equiv of NaOt-Bu was employed. of aryl chlorides containing ortho functional groups, a primary aniline with an ethyl ester in the ortho position was efficiently coupled with 4-chlorobenzonitrile using only 1 mol % Pd (entry 12). Other electron-deficient anilines such as 4-nitroaniline were also effectively arylated.
During the preparation of this article, a report was given by Hartwig and co-workers describing the application of tri-tert-butylphosphine, 3d a ligand first used for aromatic amination by Nishiyama et al. at Tosoh, 2a,b for the aminations of aryl chlorides and bromides under mild conditions. As such, a brief comparison of the "user friendliness" of the P(t-Bu) 3 system with the one reported in this paper, both of which are commercially available, is of interest. The chemistry that we report uses either Pd(OAc) 2 or Pd 2 (dba) 3 , both of which are commercially available, as the palladium source for the amination chemistry. The reactions that are described in the previous paper were "assembled in the drybox in sealed reaction vessels"; none of the reactions that we report involved the use of a glovebox. The exception to this is that bulk quantities of NaOt-Bu were stored in a glovebox. Smaller quantities were removed and used for 1-2 weeks while being stored in a desiccator between uses. Probably the largest difference between the two ligand types is the degree of their air sensitivity. To probe this, we prepared a solution of 3 in toluene and let it stir for 15 days in the air at room temperature. During this time an average of 3% of the ligand was oxidized to the phosphine oxide. We also compared the stability of P(t-Bu) 3 and 3 in side-by-side experiments by stirring toluene solutions of the two ligands (individually) for 2 h at room temperature in the air. Analysis by GC showed that all of 3 remained, while 97% of the P(t-Bu) 3 had been destroyed. Ligand 3 is a nicely crystalline material that is stable for at least six months in the solid state in the air (in a desiccator).
Catalytic Amination of Aryl Bromides. A number of catalyst systems have previously been developed for the palladium-catalyzed amination of aryl bromides. 1,2d,e,g,5,6 However, there remain several substrate combinations that are not efficiently handled by the available catalysts. For example, the coupling of primary anilines with electron-rich aryl bromides, such as 4-bromoanisole, is often problematic with catalysts based on triarylphosphine ligands (either chelating or monodentate). Additionally, for experimental simplicity, it is desirable to have a small family of ligands that are capable of transforming many different substrate combinations such that large libraries of ligands are not required to optimize reactions.
The reaction conditions that were effective for the room-temperature catalytic amination of aryl chlorides proved to be inefficient for aryl bromide substrates. However, use of a catalyst comprised of Pd 2 (dba) 3 /3 allowed for the arylation of primary and secondary anilines at room temperature (Table 6 ). Room-temperature aminations of aryl bromides with aliphatic amines were slow under these conditions; however, use of 1.5-2.5 mol % Pd 2 (dba) 3 with KOt-Bu as base in THF solvent allowed for the arylation of morpholine and benzylamine. It is worth noting that a significantly larger amount of double arylation of benzylamine was observed at room temperature (6/1 monoaryl/diaryl) than at 80°C (29/1 monoaryl/diaryl) with 0.5 mol % Pd. The use of KOt-Bu/ THF was unsatisfactory for the arylation of di-n-butylamine; however, this substrate was efficiently coupled with 4-tert-butylbromobenzene using Pd 2 (dba) 3 /5 in DME solvent (NaOt-Bu as base). The functional group tolerance of the room-temperature reactions is currently limited owing to the requirement to employ a strong base.
As was observed for the catalytic amination of aryl chlorides, the scope of the amination reaction of aryl bromides was significantly broader at 80-100°C (Table  7) . Excellent results for the arylations of anilines with electron-rich or -neutral aryl bromides are obtained with catalysts comprised of Pd 2 (dba) 3 /3; this system appears to be the most effective catalyst developed to date for these types of substrates. While the 3/Pd catalyst was usually less effective for reactions of aryl bromides with The reaction proceeded to 99% conversion. c Pd(OAc)2 used in place of Pd2(dba)3. d The reaction was conducted at 80°C. e The reaction was conducted at 110°C. f The reaction was conducted with 3.0 equiv of amine. g NaOt-Bu, toluene used in place of K3PO4, DME. aliphatic amines, excellent results were obtained using a combination of 4 and Pd 2 (dba) 3 . This catalyst functioned well for reactions of both cyclic and acyclic secondary amines, although marginally better results were obtained in the reaction of di-n-butylamine with 4-tert-butylbromobenzene when 5 was employed. Substrates such as piperidine and di-n-butylamine, which often give poor results with the BINAP catalyst, were effectively coupled using the 4/Pd 2 (dba) 3 catalyst system. In contrast to what was observed for the reaction of 4-chlorotoluene with din-butylamine, only trace amounts (1-2%) of aryl(tertbutyl)ether side products were observed in the reaction of 4-tert-butylbromobenzene with di-n-butylamine. Use of 3 provided the best results for the amination of 5-bromo-m-xylene with benzylamine. The scope of reactions catalyzed by ligand 4 appears to be similar to the scope of catalytic amination processes that employ either BINAP or PPF-OMe as the ligand for palladium, although reactions of primary aliphatic amines require the use of 3. Use of Pd 2 (dba) 3 is essential for the success of most amination reactions of aryl bromide substrates using ligands 3-5. For example, the reaction of 5-bromom-xylene with benzylamine proceeded to only 31% conversion after 22 h at 80°C using Pd(OAc) 2 /3 as the catalyst (0.5 mol % Pd). Use of Pd 2 (dba) 3 in place of Pd-(OAc) 2 afforded the desired product in 90% yield after 17 h. Although high yields are obtained in reactions of aryl bromides with primary amines with the Pd/3 catalyst, much faster reactions are observed when the BINAP ligand is used for these processes; 5 the reaction of 5-bromo-m-xylene with benzylamine is complete in ∼3 h using the Pd 2 (dba) 3 /BINAP catalyst system under similar reaction conditions (0.5 mol % Pd). The amination of functionalized aryl bromides proceeds in high yield using ligands 2 or 4 with K 3 PO 4 as the stoichiometric base (entries [11] [12] [13] [14] [15] .
The reactions of many aryl bromides with aliphatic amines using the 3/Pd catalyst system are slower than the corresponding reactions of aryl chloride substrates. For example, the reaction of 4-chlorotoluene with morpholine is complete in <65 min at 80°C with 0.5 mol % Pd, while the reaction of 4-bromotoluene with the same amine proceeds only to 29% conversion in the same amount of time. A competition experiment was conducted in which equimolar amounts of 4-bromotoluene and 4-chlorotoluene were reacted with 1.2 equiv of morpholine (Scheme 1). Not suprisingly, the bromide reacted considerably more rapidly than the chloride.
Higher yields were occasionally obtained for reactions of aryl chloride substrates. For example, the reaction of Table 6 . Room-Temperature Catalytic Amination of Aryl Bromides a a Reaction conditions: 1.0 equiv of aryl bromide, 1.2 equiv of amine, 1.4 equiv of NaOt-Bu, 0.5-2.5 mol % Pd2(dba)3, (1-5 mol % Pd), 2-10 mol % 3, toluene (1 mL/mmol halide), rt. Reaction times have not been minimized. b KOt-Bu and THF were used in place of NaOt-Bu and toluene. c DME used as solvent. Table 7 . Palladium-Catalyzed Amination of Aryl Bromides a a Reaction conditions: 1.0 equiv of aryl bromide, 1.2 equiv of amine, 1.4 equiv of NaOt-Bu, cat. Pd2(dba)3, cat. ligand 3, toluene (2 mL/mmol halide), 80°C. b Pd(OAc)2 used in place of Pd2(dba)3. c The reaction was conducted at 100°C. d K3PO4 used in place of NaOt-Bu. e DME (1 mL/mmol halide) was used as solvent. f Toluene (1 mL/mmol halide) was used as the solvent. g Contains ∼2.5% of 4,4′-dicyanobiphenyl.
2-bromo-p-xylene with N-methyl aniline afforded the desired product in good yield (75%) using ligand 4; a 90% yield was obtained for the corresponding aryl chloride substrate with a catalyst comprised of Pd/3 (see above). 12 However, for most comparable systems, both bromides and chlorides gave similar yields under optimized conditions.
Catalytic Amination of Aryl Triflates. Aryl triflates are desirable substrates owing to their ease of preparation from readily available phenols. 13 Catalytic aminations of aryl triflates have been previously effected using Pd/BINAP 14a,b or Pd/dppf 14c catalyst systems; these catalysts are usually inefficient for the arylation of secondary acyclic amines. 14 Reactions of electron-deficient aryl triflates often give low yields owing to NaOt-Bu-promoted cleavage of the triflate substrate; use of cesium carbonate with the Pd/BINAP catalyst gives improved results for these systems, although 3-5 mol % Pd was often required in these reactions. 14b The first room-temperature catalytic aminations of aryl triflates were accomplished using catalysts derived from 3 with NaOt-Bu as the base (Table 8 ). While this protocol was effective for the amination of electron-rich or -neutral aryl triflates, poor results were obtained for electrondeficient aryl triflates owing to base-promoted cleavage of the triflate substrate. Use of weaker bases such as K 3 -PO 4 or Cs 2 CO 3 gave only small amounts of desired products; most of the starting aryl triflate remained unreacted.
As expected, the scope of aryl triflate aminations was considerably broader at 80°C ( Table 9 ). Reactions of both electron-rich and electron-deficient aryl triflates proceeded in high yield using a catalyst comprised of Pd and 3 or 4 using K 3 PO 4 as the stoichiometric base. As was observed for aryl bromide reactions, arylations of anilines were typically faster than those of aliphatic amines. Diaryl ether side products were occasionally observed (presumably arising from hydrolysis of the triflate followed by arylation of the resulting phenol). The reactions of 4-tert-butylphenyl triflate with benzylamine or di-nbutylamine were extremely slow when K 3 PO 4 was used as base, even with up to 5 mol % of the palladium catalyst at 110°C. However, use of NaOt-Bu in place of K 3 PO 4 for these reactions provided acceptable yields of the desired products and required only 1 mol % Pd at 80°C, although the yield for the reaction of benzylamine with 4-tert-butylphenyl triflate was higher at room temperature (77%) than at 80°C (68%). Applications Toward the Synthesis of Oligoanilines. The high reactivity of the Pd 2 (dba) 3 /3 catalyst system toward electron-rich aryl chlorides and aryl bromides has proven useful in the synthesis of poligoaniline derivatives. We have previously demonstrated the synthesis of these compounds by palladium catalysis, using BINAP as the supporting ligand. 15 The less expensive chelating ligand DPEphos 6e,16 may also be used. Most of the aryl halide substrates were 4-bromo-N-(tert-butoxycarbonyl)diarylamines, which react relatively slowly with the triarylphosphine-ligated palladium catalysts; catalyst loadings in the range of 2-6 mol % palladium are typically necessary to achieve complete conversions. The combination of Pd 2 (dba) 3 and ligand 3 is a far more active catalyst toward this class of aryl bromides; catalyst loadings of 1 mol % palladium are sufficient to achieve efficient coupling reactions. In addition, a dimer-derived aryl chloride, more readily obtained than the corresponding aryl bromide, may now be employed as a substrate. The synthesis of pentaaniline and nonaaniline derivatives is shown in Scheme 2.
Discussion
The catalytic cycle for the amination reactions is presumably similar to that postulated for the palladiumcatalyzed amination of aryl bromides using the Pd/P(otol) 3 catalyst system. Although the reasons for the high reactivity of catalysts based on 2-6 are not completely understood, several structural features of these ligands appear to contribute to their effectiveness. The electronrich phosphine group serves to accelerate the oxidative addition process and allows for the transformation of aryl chloride substrates that react sluggishly when palladium complexes bearing triarylphosphine ligands are used. 17 The steric bulk of the ligands may accelerate the C-N bond-forming reductive elimination, 18a as well as promote the rate of N-Pd bond formation via the formation of (monophosphine)palladium complexes. 1b,18b-g Although attempts to isolate palladium complexes of these ligands have thus far been unsuccessful owing to the high solubility of these complexes as well as a competing cyclometalation reaction, circumstantial evidence suggests that monophosphine complexes are involved in these reactions. The room-temperature amination of 4-chlorotoluene with N-methylaniline proceeds at roughly the same rate regardless of the ratio of 3/Pd that is employed; the reaction proceeds to 75 ( 9% conversion after 2 h when a L/Pd ratio of 1.2/1 is employed, and to 69 ( 1% conversion after 2 h with a L/Pd ratio of 2/1.
We believe that other factors may also be of importance; for example, the π-system of the ortho aromatic group on these ligands may participate in an interaction with the unoccupied metal d-orbital. 19 Examination of molecular models suggest that this interaction is sterically favorable ( Figure 2) , and further circumstantial evidence for this interaction is provided by the fact that room-temperature reactions conducted with ligand 7 are generally much less efficient than those that employ 3. For example, the reaction of 4-chlorotoluene with morpholine proceeds to completion in 20 h and affords the desired product in 94% isolated yield when 3 is employed. Use of 7 for this coupling afforded only 33% conversion (33% GC yield) in 22 h. This trend was observed for several substrate combinations. The metal-arene interaction presumably serves to stabilize the catalyst. Of importance is that it forces the arene derived from the aryl halide substrate into an orientation in which it is pependicular to the N-Pd bond. Such an orientation should stereoelectronically favor reductive elimination (Figure 2 ). 20 The lower reactivity of chloropyridine derivatives relative to other aryl chlorides may be due to the ability of the pyridine nitrogen to coordinate strongly to palladium, (as observed for (o-tol) 3 PPd(Ar)X complexes), 9, 10 thereby decreasing the rate of one or more steps in the catalytic cycle. However, the fact that aminations of chloropyridines proceed effectively at 110°C suggests that the pyridine nucleophile is not capable of irreversibly displacing the basic phosphine ligand from the metal. 9, 10 The selectivity for the reaction of an aryl bromide in the presence of an aryl chloride (in the competition experiment described above) demonstrates that while the overall process is faster for aryl chloride substrates, as expected, the oxidative addition of the aryl bromide substrate is faster than that of the aryl chloride. The reductive elimination processes should proceed at the same rate for both aryl chlorides and aryl bromides; thus, the Pd-N bond-forming step must be slower for the LPd-(Ar)Br complex than for the LPd(Ar)Cl complex and is presumably rate-limiting for the reactions of aryl bromides with aliphatic amines. In contrast, NMR experiments have shown that oxidative addition is most likely the rate-limiting step in catalytic amination reactions that employ Pd/BINAP or Pd/DPPF catalysts. 2d,21 Arylations of aniline substrates were faster for aryl bromides than for the analogous aryl chlorides. It is possible that the increased acidity of anilines relative to aliphatic amines increases the rate of Pd-N bond formation to the point that oxidative addition becomes rate-limiting.
In conclusion, use of 2-6 allows for the efficient palladium-catalyzed amination of aryl chloride substrates. Catalysts based on 3 effect this transformation at room temperature for some substrate combinations and work well for reactions of primary amines with unhindered aryl chlorides and arylations of aniline substrates at 80°C. Reactions of functionalized substrates with potassium phosphate as the base at 80-100°C are most effective with 2 and 4; these ligands frequently work for reactions of secondary amines that are inefficient with 3. Reactions of di-n-butylamine are improved with the use of 5 or 6. Certain substrate combinations react efficiently at low catalyst loadings (0.05 mol % Pd), although most reactions require moderate levels of palladium (0.5-1.0 mol %). Ligands 3 and 4 are also effective for the amination of aryl bromides and triflates, although the rates of reactions of aliphatic amines with aryl bromides are slower with catalysts supported by these ligands than with the Pd/BINAP catalyst system. In general, reactions of aryl bromides and triflates with primary aliphatic amines and primary anilines are more efficient with 3; ligand 4 provides the best results for reactions of these substrates with secondary aliphatic amines.
The effectiveness of these ligands is believed to be due to a unique combination of steric and electronic properties. Their electron-rich nature promotes oxidative addition; their steric bulk facilitates reductive elimination and promotes reactivity via monophosphine intermediates, which presumably promotes all steps of the catalytic cycle.
The family of ligands 3 and 4 exhibit excellent generality in catalytic amination reactions, and their scope encompasses nearly all of the transformations that can be effected with P(o-tol) 3 , BINAP, PPF-OMe, DPPF, and P(t-Bu) 3 . Furthermore, their ease of preparation, commercial availability, and exceptional air stability are substantial benefits over other catalyst systems for reactions of aryl chloride, bromide, and triflate substrates.
Experimental Section
General Considerations. All reactions were carried out under an argon atmosphere in oven-dried glassware. Elemental analyses were performed by Atlantic Microlabs Inc, Norcross, GA, or E&R Microanalytical Laboratory, Parsippany, NJ. Toluene was distilled under nitrogen from molten sodium. Anhydrous DME was purchased from Aldrich Chemical Co. and was used without further purification. THF was distilled under argon from sodium benzophenone ketyl. Aryl halides were purchased from commercial sources and were used without further purification with the exception of 2-chloro-pxylene and 5-bromo-m-xylene, which were passed through alumina to remove colored impurities. Aryl triflates were prepared according to previously published procedures. 13, 14 Amines were purchased from commercial sources and were passed through alumina before use. Ligands 2-6 were prepared as previously described. 2e,3a-c Palladium acetate and tris-(dibenzylideneacetone)dipalladium(0) were purchased from Strem Chemical company. Sodium tert-butoxide was purchased from Aldrich Chemical Co.; the bulk of this material was stored under nitrogen in a Vacuum Atmospheres glovebox. Small portions (1-2 g) were removed from the glovebox in glass vials, stored in the air in desiccators filled with anhydrous calcium sulfate, and weighed in the air. Tribasic potassium phosphate was purchased from Fluka Chemical Company. Tetramer bromide (12) (see Scheme 2) was prepared according to previously published procedures. 15 IR spectra reported in this paper were obtained by placing neat samples directly on the DiComp probe of an ASI REACTIR in situ IR instrument. Yields in Tables 1-9 refer to isolated yields (average of two runs) of compounds estimated to be g95% pure as determined by 1 H NMR and GC analysis or combustion analysis. Compounds previously reported by this group were characterized by 1 H NMR; their purity was confirmed by GC analysis. Compounds that are described in more than one table (or more than once in the same table) were completely characterized once. Other samples of these compounds were characterized by comparing their 1 H NMR spectra to those of the fully characterized product; their purity was confirmed by GC analysis. The characterization data of known compounds are given in the Supporting Information. The procedures described in this section are representative, thus the yields may differ from those given in Tables 1-9 .
o-(Di-tert-butylphosphino)cyclohexylbenzene (7) . An oven-dried Schlenk flask was allowed to cool to room temper- ature under an argon purge and was charged with 1,2dibromobenzene (1.2 mL, 10.0 mmol), ether (20 mL), and THF (20 mL). The mixture was cooled to -119°C with stirring using an ethanol/N2 cold bath. A solution of n-butyllithium in hexanes (1.6 M, 5.8 mL, 9.3 mmol) was added slowly dropwise. The mixture was stirred at -119°C for 45 min, and then cyclohexanone (0.98 mL, 9.5 mmol) was added to the mixture. The mixture was stirred at -119°C for 30 min, then warmed to room temperature, and stirred for 17 h. The mixture was quenched with saturated aqueous ammonium chloride (20 mL), diluted with ether (50 mL), and poured into a separatory funnel. The layers were separated, and the aqueous phase was extracted with ether (20 mL). The organic layers were combined and washed with brine (20 mL), dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo. The crude material was purified by flash chromatography on silica gel to afford 1.91 g of 1-(o-bromophenyl)cyclohexanol, which was judged to be ∼86% pure by GC analysis. This material was used without further purification.
A round-bottomed flask was purged with argon and charged with 1-(o-bromophenyl)cyclohexanol (1.78 g, 7.0 mmol), dichloromethane (28 mL), triethylsilane (1.5 mL, 9.1 mmol), and trifluoroacetic acid (1.1 mL, 14.7 mmol). The mixture was stirred at room temperature for 1.5 h, and then was quenched with solid potassium carbonate (ca. 2 g). The mixture was diluted with ether (50 mL) and transferred to a separatory funnel. The mixture was washed with saturated aqueous NaHCO 3 (50 mL), and the organic phase was dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo to afford a mixture of 1-bromo-2-cyclohexylbenzene and 1-(2-bromophenyl)cyclohexene. The crude material was placed into a round-bottomed flask, and the flask was purged with argon. THF (2 mL) was added, and the mixture was cooled to 0°C with stirring. A solution of BH 3 in THF (1 M, 7.0 mL, 7.0 mmol) was added dropwise to the mixture. The mixture was stirred at 0°C for 1.5 h, then warmed to room temperature, and stirred for 19 h. Acetic acid (4 mL) was added, and the mixture was stirred at room temperature for 6 h. The mixture was then diluted with ether (50 mL) and poured into a separatory funnel. The mixture was washed with aqueous NaOH (1 M, 50 mL), the layers were separated, and the aqueous phase was extracted with ether (50 mL). The combined organic phases were washed with brine (50 mL), dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo. The crude material was purified by flash chromatography on silica gel to afford 555 mg of 1-bromo-2-cyclohexylbenzene, which was judged to be 93% pure by GC analysis. This material was used without further purification.
An oven-dried Schlenk flask was cooled to room temperature under an argon purge and was charged with magnesium turnings (27 mg, 1.1 mmol), THF (1 mL), and 1,2-dibromoethane (8 µL). The mixture was stirred at room temperature for 10 min, and then 1-bromo-2-cyclohexylbenzene (239 mg, 1.0 mmol) was added in one portion. The mixture was stirred at room temperature for 20 min and then immersed in a 60°C oil bath for 15 min. The mixture was cooled to room temperature, the septum was removed from the flask, and copper(I) chloride (104 mg, 1.05 mmol) was added. The flask was capped with the septum and purged with argon for 1 min. The flask was charged with di-tert-butylchlorophosphine (0.23 mL, 1.2 mmol) and additional THF (1 mL). The mixture was immersed in a 60°C oil bath with stirring for 26 h, then cooled to room temperature, and filtered, and the solids were washed with 1:1 ether:hexanes (50 mL). The organic solution was poured into a separatory funnel and washed with 30% aqueous ammonium hydroxide solution (3 × 50 mL) and brine (50 mL). The organic phase was dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The crude material was purified by flash chromatography on silica gel to afford the title compound as a white solid (141 mg), which was judged to be 92% pure by GC analysis. This material was recrystallized from methanol to afford 101 mg (∼3% overall from 1,2dibromobenzene) of the title compound as a white, crystalline solid, mp 101-102°C: 1 General Procedure for Room-Temperature Catalytic Amination of Aryl Chlorides and Triflates. An oven-dried resealable Schlenk flask was evacuated and backfilled with argon. The flask was charged with Pd(OAc)2 (2.2 mg, 0.01 mmol, 1 mol %), 3 (6.0 mg, 0.02 mmol, 2 mol %), and NaOt-Bu (135 mg, 1.4 mmol). The flask was evacuated and backfilled with argon and then capped with a rubber septum. Toluene (0.5 mL), the aryl chloride or triflate (1.0 mmol), the amine (1.2 mmol), and additional toluene (0.5 mL) were added through the septum (aryl halides or amines that were solids at room temperature were added as solids following the addition of NaOt-Bu). The septum was replaced with a Teflon screwcap, the flask was sealed, and the mixture was stirred at room temperature until the starting aryl chloride or triflate had been completely consumed as judged by GC analysis. During the course of the reaction, the mixture was observed to form a gel (at around 50% conversion) and then liquefy again as the reaction proceeded to completion. Following the complete consumption of the aryl chloride or triflate starting material, the mixture was diluted with ether (20 mL), filtered through Celite, and concentrated in vacuo. The crude material was purified by flash chromatography on silica gel.
Workup Method B. Following complete consumption of the aryl chloride or triflate starting material, the mixture was diluted with ether (50 mL) and transferred to a separatory funnel. The mixture was washed with aqueous HCl (1 M, 2 × 20 mL), washed with brine (20 mL), dried over anhydrous magnesium sulfate, filtered and, concentrated in vacuo. The crude product was purified by flash chromatography on silica gel.
Aryl Chlorides. 22 (Table 1 , entry 1). The general procedure using workup method B gave 197 mg (100%) of the title compound as a colorless oil.
N-Methyl-N-phenyl-p-toluidine
N-(4-Methylphenyl)morpholine 22, 23 (Table 1 , entry 2). The general procedure gave 166 mg (94%) of the title compound as a white solid. N,N-Dibutyl-p-toluidine 22, 24 (Table 1 , entry 3). The general procedure was modified such that 2 mol % Pd(OAc)2 and 3 mol % 3 were employed. When the 4-chlorotoluene had been completely consumed, 30% H2O2 (1 mL) was added to the reaction mixture in order to oxidize the phosphine ligand. The mixture was stirred at room temperature for 5 min, then diluted with ether (20 mL), and transferred to a separatory funnel. The layers were separated, and the organic layer was washed with water (20 mL) and saturated aqueous Fe(SO) 4 (20 mL). The combined aqueous layers were extracted with ether; the organic extracts were combined, and the aqueous layer was discarded. The combined organic extracts were extracted with aqueous HCl (1 M, 4 × 50 mL), the organic layer was discarded, and the aqueous extracts were combined and basified to pH 14. The aqueous layer was extracted with ether (4 × 50 mL), and the combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, filtered through a plug of silica gel, and concentrated in vacuo to afford 172 mg (79%) of the title compound as a colorless oil. (Table 1 , entry 4). 2e The general procedure was followed using 5 mol % Pd(OAc)2 and 1.5 equiv of benzylamine. When the 4-chlorotoluene had been completely consumed as judged by GC analysis, the reaction mixture was diluted with THF (5 mL), and 30% aqueous hydrogen peroxide (5 mL) was added to oxidize the phosphine. The mixture was stirred at room temperature for 5 min, then diluted with ether (50 mL), and transferred to a separatory funnel. The layers were separated, and the organic layer was washed with water (20 mL) and saturated aqueous FeSO4 (20 mL). The aqueous washes were discarded, the organic phase was extracted with aqueous 1M HCl (4 × 50 mL), and the organic layer was discarded. The combined aqueous layers were basified to pH 14 with aqueous 6 M NaOH and then extracted with ether (3 × 50 mL). The combined organic layers were washed with brine, dried over anhydrous magnesium sulfate, filtered, and concentrated to afford 158 mg (80%) of a colorless oil. N-(2,5-Xylyl)pyrrolidine 25, 26 (Table 1 , entry 5). The general procedure gave 169 mg (97%) of the title compound as a colorless oil, which was determined to contain e1% of 3 as judged by 1 H NMR and GC analysis.
N-Benzyl-p-toluidine
N-(2,5-Xylyl)benzylamine (Table 1 , entry 6). The general procedure was modified such that 2 mol % Pd(OAc)2 and 4 mol % 3 were employed. When the aryl halide had been completely consumed, 30% H2O2 (2 mL) and THF (1 mL) were added to the reaction mixture. The mixture was stirred at room temperature for 5 min, then diluted with ether (20 mL), and transferred to a separatory funnel. The layers were separated, and the organic layer was washed with water (20 mL) and saturated aqueous Fe(SO) 4 (20 mL N-(4-Methoxyphenyl) morpholine 22, 23 (Table 1, entry 7) . The general procedure was modified such that 2 mol % Pd-(OAc)2 and 4 mol % 3 were employed. The procedure afforded 173 mg (90%) of the title compound as a white solid.
N-(4-Cyanophenyl)morpholine 25, 27 (Table 1 , entry 8). The general procedure gave 158 mg (84%) of the title compound as a white solid. (Table 1 , entry 9). 5 The general procedure using 2.5 mol % Pd2(dba)3 gave 144 mg (71%) of the title compound as a white solid. (Table 1 , entry 10). 11 The general procedure using 2.5 mol % Pd2(dba)3 gave 169 mg (81%) of the title compound as a tan solid.
N-(4-Cyanophenyl)-n-hexylamine
N-(4-Cyanophenyl)-p-toluidine
N-(2-Methoxyphenyl)benzylamine 28 (Table 1 , entry 11). The general procedure gave 211 mg (99%) of the title compound as a colorless oil. (Table 1, N-Methyl-N-(3,5-dimethoxyphenyl) N-(4-tert-Butylphenyl) morpholine (Table 8 , entry 1). 29 The general procedure gave 170 mg (78%) of the title compound as a white solid. (Table 8 , entry 2). The general procedure using Pd2(dba)3 and 3 mL toluene/mmol aryl triflate gave 195 mg (76%) of the title compound as a pale yellow solid. N-(4-tert-Butylphenyl) benzylamine (Table 8 , entry 3). The general procedure gave 184 mg (77%) of the title compound as a colorless oil.
N-(3-Methoxyphenyl)-s-butylamine
N-(4-tert-Butylphenyl)-p-anisidine
N-(4-Methoxyphenyl)morpholine (Table 8, entry 4) . 22,23 The general proceudre gave 170 mg (88%) of the title compound as a white solid. (Table 8 , entry 5). 30 The general procedure using Pd2(dba)3 gave 151 mg (71%) of the title compound as a pale yellow solid. N-(3,4-Dimethylphenyl) pyrrolidine (Table 8 , entry 6). The general procedure gave 132 mg (75%) of the title compound as a colorless oil.
N-(p-Tolyl)-p-anisidine
General Procedure for Room-Temperature Catalytic Amination of Aryl Bromides. An oven-dried resealable Schlenk flask was evacuated and backfilled with argon. The flask was charged with Pd 2(dba)3 (4.6 mg, 0.005 mmol, 1 mol % Pd), 3 (6.0 mg, 0.02 mmol, 2 mol %), and NaOt-Bu (135 mg, 1.4 mmol). The flask was evacuated and backfilled with argon and then capped with a rubber septum. Toluene (0.5 mL), the aryl bromide (1.0 mmol), the amine (1.2 mmol), and additional toluene (0.5 mL) were added through the septum (aryl bromides or amines that were solids at room temperature were added as solids following the addition of NaOt-Bu). The septum was replaced with a Teflon screwcap, the flask was sealed, and the mixture was stirred at room temperature until the starting aryl bromide had been completely consumed as judged by GC analysis. During the course of the reaction, the mixture was observed to form a gel (at around 50% conversion) and then liquefy again as the reaction proceeded to completion. Following the complete consumption of the aryl bromide starting material, the mixture was diluted with ether (20 mL), filtered through Celite, and concentrated in vacuo. The crude material was purified by flash chromatography on silica gel.
Workup Method B. Following complete consumption of the aryl bromide starting material, the mixture was diluted with ether (50 mL) and transferred to a separatory funnel. The mixture was washed with aqueous HCl (1 M, 2 × 20 mL), washed with brine (20 mL), dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel. (Table 6 , entry 1). 29 The general procedure using workup method B gave 221 mg (92%) of the title compound as a colorless oil. (Table 6 , entry 2). The general procedure using workup method B gave 224 mg (88%) of the title compound as a pale yellow solid. (Table 6 , entry 3). 6d The general procedure using 1.5 mol % Pd2(dba)3, ligand 5, and DME solvent gave 214 mg (82%) of the title compound as a colorless oil. (Table 6 , entry 4). 25 The general procedure using workup method B gave 206 mg (91%) of the title compound as a colorless oil. (Table 6 , entry 5). 5 The general procedure was followed using 2.5 mol % Pd2(dba)3, KOt-Bu, 1.5 equiv of benzylamine, and THF as solvent. When the aryl bromide had been completely consumed as judged by GC analysis, the reaction mixture was diluted with THF (5 mL), and 30% aqueous hydrogen peroxide (5 mL) was added to oxidize the phosphine. The mixture was stirred at room temperature for 5 min, then diluted with ether (50 mL), and transferred to a separatory funnel. The layers were separated, and the organic layer was washed with water (20 mL) and saturated aqueous FeSO4 (20 mL). The aqueous washes were discarded, the organic phase was extracted with aqueous 1 M HCl (4 × 50 mL), and the organic layer was discarded. The combined aqueous layers were basified to pH 14 with aqueous 6 M NaOH and then extracted with ether (3 × 50 mL). The combined organic layers were washed with brine, dried over anhydrous magnesium sulfate, filtered, and concentrated to afford 110 mg (52%) of the title compound as a colorless oil. N-(3,5-Xylyl) morpholine (Table 6 , entry 6). 31 The general procedure using 1.5 mol % Pd2(dba)3, KOt-Bu, and THF solvent gave 151 mg (79%) of the title compound as a colorless oil. This material contained <3% 3,5-dimethylphenol as judged by GC analysis.
N-Methyl-N-(4-tert-butylphenyl)aniline
N-(4-tert-Butylphenyl)-p-anisidine
N,N-Dibutyl-4-tert-butylaniline
N-(2,5-Xylyl)-p-anisidine
N-Benzyl-3,5-xylidene
3,5-Dimethyltriphenylamine (Table 6 , entry 7). 32 The general procedure was followed; the product was isolated by recrystallization from ethanol instead of chromatography to give 238 mg (88%) of the title compound as a white solid.
N-(4-Methoxyphenyl)morpholine (Table 6 , entry 8). 22,23 The general procedure using 1.5 mol % Pd2(dba)3, KOt-Bu, and THF solvent afforded 159 mg (82%) of the title compound as a white solid.
2-Methoxy-2′-methyldiphenylamine (Table 6 , entry 9). 30 The general procedure using 2 mol % Pd(OAc)2 and workup method B gave 197 mg (92%) of the title compound as a pale yellow oil.
General Procedure for the Catalytic Amination of Aryl Chlorides at 80-110°C. An oven-dried resealable Schlenk flask was evacuated and backfilled with argon. The flask was charged with palladium acetate (0.5 mol %), 3 (1.0 mol %), and NaOt-Bu (1.4 equiv) and evacuated and backfilled with argon. The flask was capped with a rubber septum, and toluene (2 mL/mmol halide), the aryl chloride (1.0 equiv), and the amine (1.2 equiv) were added through the septum (aryl chlorides or amines that were solids at room temperature were added as solids following the addition of NaOt-Bu). The septum was replaced with a Teflon screwcap, the flask was sealed, and the mixture was heated to 80°C with stirring until the starting aryl halide had been completely consumed as judged by GC analysis. The mixture was cooled to room temperature, diluted with ether (30 mL), filtered through Celite, and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel.
Workup Method B. Following complete consumption of the aryl halide starting material, the mixture was diluted with ether (50 mL) and transferred to a separatory funnel. The mixture was washed with aqueous HCl (1 M, 2 × 20 mL), washed with brine (20 mL), dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel. N-(4-Methylphenyl)hexylamine (Table 2 , entry 1). 22 The general procedure was conducted on a 2 mmol scale using 1.5 equiv of amine. Following completion of the reaction, the mixture was cooled to room temperature, diluted with ether (40 mL), and extracted with 1 M aqueous HCl (3 × 50 mL). The organic phase was discarded, and the aqueous layer was basified to pH 14 with 6 M aqueous NaOH. The aqueous phase was extracted with ether (3 × 50 mL), and the ether layers were combined, dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo to afford 318 mg (83%) of the title compound as a white solid. This material contained 1% 3 as judged by GC and 1 H NMR analysis.
N-(4-Methylphenyl)morpholine 22, 23 (Table 2 , entry 2). The general procedure conducted on a 2 mmol scale gave 316 mg (95%) of the title compound as a white solid.
Di-p-tolylamine (Table 2, entry 3) . 25, 33 The general procedure using Pd2(dba)3 gave 185 mg (93%) of the title compound as a white solid. (Table 2, entry 4) . 34 The general procedure gave 242 mg (93%) of the title compound as a pale yellow solid.
N-(p-Tolyl)diphenylamine
N-Benzyl-p-toluidine (Table 2 , entry 5). 2e The general procedure was conducted on a 2 mmol scale using 1.5 equiv of amine. The reaction was subjected to the same workup described above for N-(4-methylphenyl)hexylamine to afford 344 mg (87%) of the title compound as a pale yellow oil. This material contained 1% 3 as judged by GC and 1 H NMR analysis.
N,N-Dibutyl-p-toluidine (Table 2, entry 6) . 22, 24 The general procedure using Pd2(dba)3 and 5 gave 193 mg (88%) of the title compound as a pale yellow oil. N,N-Dibutyl-p-toluidine (Table 2, entry 6) . 22, 24 The general procedure using Pd2(dba)3 and 6 gave 199 mg (91%) of the title compound as a pale yellow oil. (Table 2, N-(2,5-Xylyl) pyrrolidine (Table 2, entry 11 ). 25, 26 The general procedure conducted on a 2 mmol scale gave 346 mg (99%) of the title compound as a colorless oil.
N-Ethyl-N-phenyl-p-toluidine
N-(2,5-Xylyl)morpholine (Table 2 , entry 12). 2e The general procedure conducted on a 2 mmol scale gave 340 mg (89%) of the title compound as a colorless oil.
2-Methoxy-2′,4′-dimethyldiphenylamine (Table 2 , entry 13). The general procedure using Pd2(dba)3 gave 228 mg (94%) of the title compound as a white solid, mp 90-91.5°C: 1 H NMR (300 MHz, CDCl3) δ 7.16 (s, 1H), 7.12 (d, J ) 7.5 Hz, 1H), 7.05 (dd, J ) 7.66, 2.2 Hz, 1H), 6.93-6.84 (m, 3H), 6.79 (d, J ) 7.6 Hz, 1H), 5.86 (s, 1H), 3.93 (s, 3H), 2.31 (s, 3H), 2.26 (s, 3H); 13 (Table 2 , entry 17). The general procedure conducted on a 2 mmol scale gave 420 mg (89%) of the title compound as a pale yellow oil: 1 H NMR (300 MHz, CDCl3) δ 6.79 (d, 2 H, J ) 9.0 Hz), 6.61 (m, 2 H, J ) 9.0 Hz), 4.04 (br, s, 1 H), 3.75 (s, 3 H), 3.72 (m, 4 H, J ) 4.5 Hz), 3.12 (t, 2 H, J ) 6.0 Hz), 2.62 (t, 2 H, J ) 6.0 Hz), 2.47 (m, 4 H, J ) 4.5 Hz); 13 1-(4-Methoxyphenyl)-4-methylpiperazine (Table 2 , entry 18). 35 The general procedure conducted on a 2 mmol scale using ligand 4 gave 341 mg (83%) of the title compound as a yellow solid. 4,4′-Dimethoxydiphenylamine (Table 2, entry 19 ). 30 The general procedure using Pd2(dba)3 gave 217 mg (95%) of the title compound as a pale yellow solid.
4-[2-(p-Anisidyl)ethyl]morpholine
Benzophenone N-(2-Methoxyphenyl) hydrazone (Table  2, entry 20) . 36 The general procedure using Pd2(dba)3 gave 278 mg (92%) of the title compound as a pale yellow solid.
N-(2-Methoxyphenyl)benzylamine (Table 2, entry 21). 28 The general procedure conducted on a 2 mmol scale gave 423 mg (99%) of the title compound as a colorless oil.
N-(2-Methoxyphenyl)pyrrolidine (Table 2 , entry 22). 37 The general procedure conducted on a 2 mmol scale gave 314 mg (89%) of the title compound as a colorless oil. (Table 4 , entry 1). 39 The general procedure conducted on a 2 mmol scale using 1.5 equiv of benzylamine and a reaction temperature of 100°C gave 358 mg (97%) of a white solid, which was determined to be a 19/1 mixture (by 1 H NMR) of the title compound and bis(2-pyridyl)benzylamine.
N-(p-Tolyl)-3,5-dimethoxyaniline (
N-(2-Pyridyl)morpholine (Table 4 , entry 2). 9 The general procedure conducted on a 2 mmol scale using a reaction temperature of 100°C and ligand 4 gave 319 mg (97%) of the title compound as a pale yellow oil. (Table 4 , entry 3). 9 The general procedure using 1 mol % Pd(OAc)2, ligand 4, and a reaction temperature of 110°C gave 178 mg (97%) of the title compound as a pale yellow oil. N-Methyl-N-(3-pyridyl) aniline (Table 4 , entry 3). 9 The general procedure using 1 mol % Pd(OAc)2, ligand 2, and a reaction temperature of 110°C gave 176 mg (96%) of the title compound as a pale yellow oil.
N-Methyl-N-(3-pyridyl)aniline
N-Benzyl-3-aminopyridine (Table 4 , entry 4). 40 The general procedure using 1 mol % Pd(OAc)2, 1.5 equiv of benzylamine, and a reaction temperature of 110°C gave 161 mg (88%) of the title compound as a pale green solid.
N-Hexyl-3-aminopyridine (Table 4 , entry 5). 9 The general procedure using 3 equiv of hexylamine, 1 mol % Pd(OAc)2, ligand 2, and a reaction temperature of 100°C gave 134 mg (75%) of the title compound as a white solid. (Table 4 , entry 6). 9 The general procedure using 1 mol % Pd(OAc)2 and a reaction temperature of 110°C gave 116 mg (71%) of the title compound as a pale yellow oil. N,N-Dibutyl-3-aminopyridine (Table 4 , entry 7). 6d The general procedure using 1 mol % Pd(OAc)2, ligand 2, and a reaction temperature of 110°C gave 171 mg (83%) of the title compound as a pale yellow oil.
N-(3-Pyridyl)morpholine
N-(4-Pyridyl)morpholine ( Table 4 , entry 8). 9 The general procedure using 1 mol % Pd(OAc)2, 2 mol % 3, 2.8 equiv of K3PO4, dioxane solvent, and a reaction temperature of 100°C gave 124 mg (76%) of the title compound as a white solid.
N-Benzyl-4-aminopyridine (Table 4 , entry 9). 41 The general procedure using 1 mol % Pd(OAc)2, 2 mol % 4, 2.8 equiv of NaOt-Bu, dioxane solvent, and a reaction temperature of 100°C gave 132 mg (72%) of a white solid, mp 108-110°C (CH2Cl2/hexanes) (lit. mp 110.5-111°C), 41 which was determined to contain 3.6% of bis(4-pyridyl)benzylamine by 1 H NMR analysis. (Table 4 , entry 10). 25 The general procedure using 1 mol % Pd(OAc)2, 2 mol % 4, 2.8 equiv of NaOt-Bu, dioxane solvent, and a reaction temperature of 100°C gave 171 mg (93%) of a yellow oil.
N-Methyl-N-(4-pyridyl)aniline
General Procedure for the Catalytic Amination of Aryl Bromides at 80-110°C. An oven-dried resealable Schlenk flask was evacuated and backfilled with argon. The flask was charged with Pd 2(dba)3 (2.3 mg, 0.0025 mmol, 0.5 mol % Pd), 3 (3.0 mg, 0.01 mmol, 1.0 mol %), and NaOt-Bu (135 mg, 1.4 mmol) and evacuated and backfilled with argon. The flask was capped with a rubber septum, and toluene (2 mL/mmol halide), the aryl bromide (1.0 mmol), and the amine (1.2 mmol) were added through the septum (aryl bromides or amines that were solids at room temperature were added as solids following the addition of NaOt-Bu). The septum was replaced with a Teflon screwcap, the flask was sealed, and the mixture was heated to 80°C with stirring until the starting aryl bromide had been completely consumed as judged by GC analysis. The mixture was cooled to room temperature, diluted with ether (30 mL), filtered through Celite, and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel.
Workup Method B. Following complete consumption of the aryl halide starting material, the mixture was diluted with ether (50 mL) and transferred to a separatory funnel. The mixture was washed with aqueous HCl (1 M, 2 × 20 mL) and then with brine (20 mL), dried over anhydrous magnesium (35) sulfate, filtered, and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel. N-(4-Methylphenyl)morpholine ( Table 7 , entry 1). 22,23 The general procedure conducted on a 2 mmol scale using Pd-(OAc)2 gave 329 mg (93%) of the title compound as a white solid. (Table 7 , entry 2). 42 The general procedure gave 229 mg (95%) of the title compound as a pale yellow solid.
4-Methoxy-4′-(dimethylamino)diphenylamine
N-(p-Tolyl)-p-anisidine (Table 7 , entry 3). 30 The general procedure gave 194 mg (91%) of the title compound as a pale yellow solid. N-Ethyl-N-(3,5-dimethylphenyl) aniline (Table 7 , entry 4). 6d The general procedure using Pd(OAc)2 gave 188 mg (84%) of the title compound as a pale yellow oil. N-Benzyl-3,5-xylidene (Table 7 , entry 5). 5 The general procedure using 1.5 equiv benzylamine gave 174 mg (82%) of the title compound as a colorless oil. (Table 7 , entry 6). 30 The general procedure gave 245 mg (96%) of the title compound as a pale yellow solid.
N-Mesityl-3,4-(methylenedioxy)aniline
N-(4-tert-Butylphenyl)piperidine ( Table 7 , entry 7). 14a The general procedure using ligand 4 gave 185 mg (85%) of the title compound as a white solid. (Table 7 , entry 8). 6d The general procedure using ligand 4 gave 222 mg (85%) of the title compound as a colorless oil. (Table 7 , entry 8). 6d The general procedure using ligand 5 gave 237 mg (91%) of the title compound as a colorless oil. N-Methyl-N-phenyl-2,5-xylidene (Table 7 , entry 9). 5 The general procedure using ligand 4 gave 159 mg (75%) of the title compound as a colorless oil. N-Allyl-2,5-xylidene (Table 7 , entry 10). 43 The general procedure gave 149 mg (93%) of the title compound as a colorless oil.
N,N-Dibutyl-4-tert-butylaniline
General Procedure for the Catalytic Amination of Aryl Triflates at 65-80°C. An oven-dried resealable Schlenk flask was evacuated and backfilled with argon. The flask was charged with Pd 2(dba)3 (4.6 mg, 0.005 mmol, 1.0 mol % Pd), 3 (6.0 mg, 0.02 mmol, 2.0 mol %), and K3PO4 (297 mg, 1.4 mmol) and evacuated and backfilled with argon. The flask was capped with a rubber septum, and DME (2 mL/mmol halide), the aryl triflate (1.0 mmol), and the amine (1.2 mmol) were added through the septum (aryl triflates or amines that were solids at room temperature were added as solids following the addition of K 3PO4). The septum was replaced with a Teflon screwcap, the flask was sealed, and the mixture was heated to 80°C with stirring until the starting aryl triflate had been completely consumed as judged by GC analysis. The mixture was cooled to room temperature, diluted with ether (30 mL), filtered through Celite, and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel.
Workup Method B. Following complete consumption of the aryl halide starting material, the mixture was diluted with ether (50 mL) and transferred to a separatory funnel. The mixture was washed with aqueous HCl (1 M, 2 × 20 mL) and then with brine (20 mL), dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel. N-(4-tert-Butylphenyl)morpholine ( Table 9 , entry 1). 29 The general procedure using Pd(OAc)2, THF as solvent, and a reaction temperature of 65°C gave 201 mg (92%) of the title compound as a white solid. % ligand 3) was added to the Schlenk flask followed by additional toluene (1 mL). The septum was removed; the flask was sealed with a Teflon screwcap and the mixture was stirred at room temperature for 2 min and then heated to 100°C with stirring until the starting aryl chloride had been completely consumed as judged by GC analysis. The mixture was cooled to room temperature, diluted with ether, and filtered through Celite. The crude product was purified by flash chromatography on silica gel to give 378 mg (96%) of the title compound as a colorless oil. N-(4-Methylphenyl) morpholine 22, 23 (Table 3 , entry 2). An oven-dried Schlenk flask was evacuated and backfilled with argon. The flask was charged with NaOt-Bu (270 mg, 2.8 mmol) and then evacuated and backfilled with argon, and toluene (1 mL), 4-chlorotoluene (0.24 mL, 2.0 mmol), and morpholine (0.20 mL, 2.4 mmol) were added through a rubber septum. A separate flask was charged with Pd2(dba)3 (4.6 mg, 0.005 mmol) and ligand 4 (7.0 mg, 0.02 mmol) and was purged with argon. THF (1 mL) was added, the mixture was stirred for 1 min at room temperature, and then 100 µL of this solution (0.05 mol % Pd, 0.1 mol % ligand 4) was added to the Schlenk flask followed by additional toluene (1 mL). The septum was removed; the flask was sealed with a Teflon screwcap, and the mixture was stirred at room temperature for 2 min and then heated to 100°C with stirring until the starting aryl chloride had been completely consumed as judged by GC analysis. The mixture was cooled to room temperature, diluted with ether, and filtered through Celite. The crude product was purified by flash chromatography on silica gel to give 311 mg (88%) of the title compound as a white solid. N-Methyl-N-phenyl-2,5-xylidene 5 (Table 3, entry 3 ). An oven-dried Schlenk flask was evacuated and backfilled with argon. The flask was charged with NaOt-Bu (270 mg, 2.8 mmol) and then evacuated and backfilled with argon, and toluene (1 mL), 2-chloro-p-xylene (0.24 mL, 2.0 mmol), and N-methylaniline (0.26 mL, 2.4 mmol) were added through a rubber septum. A separate flask was charged with Pd 2(dba)3 (9.2 mg, 0.01 mmol) and ligand 3 (12.0 mg, 0.04 mmol) and was purged with argon. Toluene (4 mL) was added, the mixture was stirred for 1 min at room temperature, and then 200 µL of this solution (0.05 mol % Pd, 0.1 mol % ligand 3) was added to the Schlenk flask followed by additional toluene (1 mL). The septum was removed; the flask was sealed with a Teflon screwcap, and the mixture was stirred at room temperature for 2 min and then heated to 100°C with stirring until the starting aryl chloride had been completely consumed as judged by GC analysis. The mixture was cooled to room temperature, diluted with ether, and filtered through Celite. The crude product was purified by flash chromatography on silica gel to give 391 mg (93%) of the title compound as a colorless oil.
N-(4-tert-Butylphenyl)-p-anisidine (
2-Methoxy-2′,4′-dimethyldiphenylamine (Table 3, entry  4 ). An oven-dried, resealable Schlenk tube equipped with a Teflon screwcap was evacuated and backfilled with argon. The cap was removed, and the tube was charged with sodium tertbutoxide (1.35 g, 14.0 mmol), tris(dibenzylideneacetone) dipalladium (2.3 mg, 0.0025 mmol, 0.05 mol % Pd), and 3 (3.0 mg, 0.010 mmol, 0.10 mol %). The tube was capped with the Teflon screwcap, evacuated, and backfilled with argon. The screwcap was replaced with a rubber septum, and o-anisidine (1.35 mL, 12.0 mmol) was added via syringe, followed by 2-chloro-p-xylene (1.34 mL, 10.0 mmol) and toluene (5 mL). The tube was purged with argon for 3 min, and then the septum was replaced with a Teflon screwcap; the tube was sealed, and the contents were heated to 80°C with stirring. Analysis by gas chromatography after 14 h indicated complete consumption of the aryl chloride. The reaction mixture was cooled to room temperature, diluted with diethyl ether (50 mL), and washed with a 1 M aqueous solution of phosphoric acid (50 mL), followed by water (50 mL). The resulting solution was dried over anhydrous potassium carbonate, filtered, and concentrated in vacuo. The residue was purified by recrystallization from methanol to give 2.20 g (97%) of the title compound as white crystals.
General Procedure for the Catalytic Amination of Functionalized Aryl Halides. An oven-dried resealable Schlenk flask was evacuated and backfilled with argon. The flask was charged with Pd 2(dba)3 (4.6 mg, 0.005 mmol, 1 mol % Pd), 4 (7.0 mg, 0.02 mmol, 2 mol %), and K3PO4 (297 mg, 1.4 mmol). The flask was evacuated and backfilled with argon and capped with a rubber septum. DME (2 mL), the aryl halide (1.0 mmol), and the amine (1.2 mmol) were added through the septum (aryl halides or amines that were solids at room temperature were added as solids following the addition of K3-PO4). The septum was removed, and the flask was sealed with a Teflon screwcap. The mixture was heated to 100°C with stirring until the starting aryl halide had been completely consumed as judged by GC analysis. The mixture was cooled to room temperature, diluted with ether or 1/1 ether/ethyl acetate (40 mL), filtered through Celite, and concentrated in vacuo. The crude material was purified by flash chromatography on silica gel. Aryl Chlorides. (Table 5 , entry 1). The general procedure using 2 mol % Pd(OAc) 2 and 4 mol % 4 gave 163 mg (78%) of the title compound as a white solid, mp 69-70°C: 1 H NMR (300 MHz, CDCl3) δ 7.40-7.14 (m, 6 H), 6.97 (ddd, 1 H, 7.5, 1.4, 1.0 Hz), 6.83-6.78 (m, 2 H), 4.37 (br s, 1 H), 4.33 (s, 2 H); 13 (Table 5 , entry 2). 46 The general procedure using Pd(OAc)2 gave 144 mg (84%) of the title compound as a pale yellow solid, mp 85-86°C. (Table 5 , entry 3). 47 The general procedure using ligand 2 was followed; the product was purified by recrystallization from toluene/ethanol rather than chromatography to give 249 mg (82%) of the title compound as a pale yellow solid. (Table 5 , entry 4). 44 The general procedure using ligand 3 was followed; the product was purified by recrystallization from toluene/ethanol rather than chromatography to give 222 mg (91%) of the title compound as an orange solid.
N-(3-Cyanophenyl)benzylamine
N-(3-Cyanophenyl)pyrrolidine
N-(Diphenylmethylene)-4-nitroaniline
4-Methoxy-4′-nitrodiphenylamine
1-(3-Acetylphenyl)-4-methylpiperazine (Table 5, (Table 5 , entry 6). 48 The general procedure gave 174 mg (82%) of the title compound as a yellow solid. N-(3-Acetylphenyl)aniline (Table 5 , entry 6). 48 The general procedure using ligand 2 gave 179 mg (85%) of the title compound as a yellow solid.
N-(4-Acetylphenyl)morpholine (Table 5, entry 7) . 2e, 49 The general procedure using Pd(OAc)2, ligand 3, and a reaction temperature of 80°C gave 187 mg (91%) of the title compound as a pale yellow solid.
N-(4-Acetylphenyl)-p-toluidine (Table 5 , entry 8). 11, 50 The general procedure gave 211 mg (94%) of the title compound as a pink solid.
N-(4-Carbomethoxyphenyl)morpholine (Table 5 , entry 9). 2e The general procedure using Pd(OAc)2 and a reaction temperature of 80°C gave 198 mg (90%) of the title compound as a pale yellow solid.
